Introduction
Capillary tubes, such as fused-silica and poly(tetrafluoroethylene), with inner diameters of less than several hundred micrometers, have uniform bores, relatively inert inner surfaces, and good flexibility. These characteristics are important in micro-flow analyses. [1] [2] [3] [4] [5] [6] Capillary tubes also support interesting and useful physical and hydrodynamic phenomena, such as electro-osmotic flow and laminar flow. The electro-osmotic flow in a capillary tube is used in capillary electrophoresis [7] [8] [9] and capillary electrochromatography, [10] [11] [12] while laminar flow conditions enable hydrodynamic chromatography. [13] [14] [15] Recently, it was proposed that a ternary solvent mixture of water with hydrophilic and hydrophobic organic solvents would be radially distributed in a capillary tube under laminar flow conditions. [16] [17] [18] This is referred to as the tube radial distribution phenomenon (TRDP).
The basics of TRDP are depicted in Fig. 1 . A homogeneous solution (Solution I) is carefully formulated such that the composition ratio between its three component liquids positions it close to the phase-diagram boundary curve (solid line) between homogeneous and heterogeneous mixtures. If this solution is then subjected to either high pressure or low temperature in a batch vessel, solely under the influence of gravity, the phase-diagram boundary curve expands outside its original position. Solution I, now inside the expanded boundary curve (dashed line), consequently changes from homogeneous to heterogeneous and separates into two distinct phases. The volume ratio between the lower (a) and upper (b) phases in the vessel corresponds to the ratio of the line lengths on either side of the point corresponding to Solution I on the phase diagram tie line. In contrast, when Solution I is instead delivered into a microspace simultaneously with a change in the pressure or temperature, the solution changes from homogeneous to heterogeneous while undergoing microfluidic flow, where the effects of gravity are negligible, thus generating inner and outer liquid phases, i.e., TRDP.
A capillary chromatography system, called tube radial distribution chromatography (TRDC), has been developed based on TRDP.
commercially available and of analytical grade. Eosin Y, perylene, acetonitrile, ethyl acetate, and nitrate, chloride, and sulfate compounds of Ni(II), Al(III), and Fe(III) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). 8-Quinolinol was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). A fused-silica capillary tube (75 μm i.d.) was purchased from GL Sciences (Tokyo, Japan).
TRDC system
The TRDC system included an open-tubular fused-silica capillary tube (110 cm total length; 90 cm effective length), microsyringe pump (MF-9090; Bioanalytical Systems, Inc., West Lafayette, IN), and absorption detector (modified SPD-10AV, Shimadzu Co., Kyoto, Japan) ( Fig. S1(a) , Supporting Information). A water-acetonitrile-ethyl acetate solvent mixture (volume ratio 3:8:4) containing 10 mmol L -1 8-quinolinol was used as the ternary solvent. An analyte solution containing nitrate, chloride, and sulfate compounds of Ni(II), Al(III), and Fe(III) (1.0 or 2.0 mmol L -1 each) was prepared using the ternary solvent.
The analyte solution was introduced directly into the capillary inlet using the gravity method (30 s × 30 cm height). After analyte injection, the capillary inlet was connected to a microsyringe.
The microsyringe was equipped with a microsyringe pump. The ternary solvent was fed into the capillary tube, which was partly immersed in a water bath at 15 C, at a flow rate of 0.8 μL min -1 under laminar flow conditions. On-line absorption detection was performed at 370 nm.
Fluorescence photographs
A capillary tube of the same size as that used in the TRDC system was set up with a fluorescence microscope-chargecoupled device (CCD) camera system ( Fig. S1(b) , Supporting Information). The fluorescence in the capillary tube was monitored of approximately 90 cm from the capillary inlet using a fluorescence microscope (BX51; Olympus, Tokyo, Japan) equipped with a Hg lamp, a filter (U-MWU2, ex 330 -385 nm, em > 420 nm), and a CCD camera (JK-TU53H; Toshiba, Tokyo, Japan). The ternary solvent contained 0.1 mmol L -1 perylene (blue) and 1 mmol L -1 Eosin Y (green), and was delivered of a flow rate of 0.8 μL min -1 using a microsyringe pump.
Results and Discussion
Phase diagram for ternary solvent Phase diagrams at 20 and 15 C under atmospheric pressure were obtained for the ternary solvent (water-acetonitrile-ethyl acetate) containing 10 mmol L -1 8-quinolinol (Fig. 2) . For ternary solutions that contained less than 55% water (volume fraction), 10 mmol L -1 8-quinolinol was not included. The solid lines in the diagrams indicate the boundaries between the homogeneous and heterogeneous phases. The solvent was either homogeneous (one homogeneous phase) or heterogeneous (two homogeneous phases). In the batch vessel, the solvent was homogeneous at 20 C, while at 15 C it became heterogeneous, which resulted in the formation of upper and lower phases because of gravity. Based on these results, TRDC was carried out with control of the capillary tube lower temperature at 15 C. When the ternary solution at 20 C was delivered into the 15 C capillary, TRDP occurred, and inner and outer phases formed since the gravity had little control over this process compared to in the vessel. These phases were studied using a fluorescence microscope with a CCD camera.
Fluorescence photograph and profile
A fluorescence photograph obtained when feeding the ternary solvent into the capillary is shown in Fig. 3 . The dominant phase was organic solvent-rich and contained perylene (blue). This phase was generated in the center of the microchannel, and is referred to as the inner phase. A minor water-rich phase containing relatively hydrophilic Eosin Y (green) was formed near the inner wall of the channel, and is referred to as the outer phase or pseudo-stationary phase.
The plot of the ternary solvent (water-acetonitrile-ethyl acetate; volume ratio, 3:8:4) is on the tie line in Fig. 2 . In the batch vessel, the volume ratio of the upper-to-lower phase at 15 C changed according to the ratio of the line lengths, which are separated by the plot on the tie line. After phase separation at 15 C in the vessel, the volume ratio of the upper and lower phases was estimated to be approximately 7:1 from the tie line data. This result was almost equal to the volume ratio of the phases in vessel. By contrast, the thickness of the outer phase observed in the fluorescence photograph of the capillary (approximately 3.5 μm, Fig. 3 ) gave an inner:outer phase volume ratio of 5:1. The difference in the volume ratio could be caused by differences between the batch vessel and the microfluidic flow in the capillary. TRDP with the organic solvent-rich ternary solvent, and the generation of inner organic solvent-rich and outer water-rich phases, was consistent with our previous data.
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Chromatograms for the Ni(II), Al(III), and Fe(III) compounds
Absorption spectra of the nitrate, chloride, and sulfate compounds of Ni(II), Al(III), and Fe(III) indicated that 370 nm was the best wavelength for the detection of the metal complexes with 8-quinolinol (Fig. S2, Supporting Information) .
Chromatograms obtained by TRDC with the ternary solvent containing 8-quinolinol are shown in Fig. 4 . The nitrate, chloride, and sulfate compounds of Ni(II), Al(III), and Fe(III) were successfully separated by TRDC. The first peak was eluted at near the average linear velocity, and the second peak was eluted at a lower velocity. Similar separation results were observed for all of the metal compounds (Ni(II), Al(III), and Fe(III)). With the organic solvent-rich phase, hydrophobic metal complexes are detected first, followed by relatively hydrophilic metal complexes. This is because hydrophilic compounds are distributed to the water-rich outer phase, which acts as a pseudo-stationary phase, under laminar flow conditions. Possible structures of the complexes detected in the first and second peaks are illustrated in Fig. 5 . [20] [21] [22] 
Peak separation in the chromatograms
We examined the ratio of metal to the ligand 8-quinolinol in the metal complexes using the continuous variation method (Fig. S3, Supporting Information) . The ratio of Ni(II) and the ligand was 1:2, while both Al(III) and Fe(III) showed 1:3 as metal ion:ligand ratios. These results suggest that the complexes will be hydrophobic, and will be eluted first.
We also examined the effect of the ligand concentration on the chromatograms using mixtures of the metal compounds (2 mmol L complexes, as mentioned above, the peak changes in the chromatograms with the concentration could be because of a lack of ligands to form the 1:3 complexes at the lower concentration. The peak that eluted second, which was a relatively hydrophilic complex (Fig. 5) , could be influenced by same interaction between the ion complex and the counter anion. 
Chromatograms of metal complexes with counter ions
For all mixtures of the metal compounds (nitrate, chloride, and sulfate compounds for each metal ion), four peaks were observed in the chromatograms for the complexes with 8-quinolinol (Fig. 7) . The elution times in Fig. 4 quinolinol)3] ). The later three peaks were for relatively hydrophilic ion-interaction compounds between the metal ion-8-quinolinol complex and the counter ion (nitrate, chloride, and sulfate). The ion-interaction compounds were eluted in the order: nitrate, chloride, then sulfate. This order could be influenced by the hydrophilicity of the counter ions due to the numbers of valences and the charge densities (Fig. S6 , Supporting Information).
Conclusions
Nitrate, chloride, and sulfate compounds of Ni(II), Al(III), and Fe(III) were separated by TRDC using ternary solvents (wateracetonitrile-ethyl acetate; volume ratio 
